The authors describe simultaneous interfacial misfit ͑IMF͒ array formation along with antiphase domain ͑APD͒ suppression in highly mismatched ͑⌬a 0 / a 0 =13%͒ AlSb grown on a 5°miscut Si ͑001͒ substrate. Strain energy from the AlSb/Si heterojunction is accommodated by a self-assembled two-dimensional array of pure 90°dislocations confined to the interface. The 13% lattice mismatch establishes the AlSb/Si IMF period of ϳ3.46 nm. This IMF spacing is well matched to the step length of the 5°miscut Si ͑001͒ substrate. Furthermore, the miscut substrate geometry suppresses APD formation due to the double step height. The resulting bulk material has both very low defect density ͑ϳ7 ϫ 10 5 / cm 2 ͒ and very low APD density ͑ϳ10 3 / cm 2 ͒ confirmed by transmission electron microscope images. This material is expected to be desirable for electronic III-V devices on Si substrates. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2970997͔
The monolithic growth of III-V materials on Si offers several desirable features such as efficient use of the integrating platform and reduced processing complexity. [1] [2] [3] [4] However, mismatch in lattice constant, thermal expansion coefficient, and process temperature hinder a stable and repeatable production process. 5 Recently, a special growth technique involving 90°interfacial misfit ͑IMF͒ dislocations formed using the III-Sb material systems has been demonstrated by our group. [6] [7] [8] The IMF relieves strain from extremely mismatched material systems immediately at the interface and results in very low defect density ͑Ͻ10 6 / cm 2 ͒ in the growth of AlSb on Si͑001͒. The IMF-based nucleation has enabled optically pumped edge emitters and vertical cavity surface emitting lasers along with superluminescent light emitting diodes. 7 However, the presence of antiphase domains ͑APDs͒ has deterred the demonstration of electrically injected lasers on Si ͑001͒.
The APD formation in the growth of AlSb on Si ͑001͒ is an inherent issue with the growth of polar on nonpolar semiconductors due to a misalignment in group III and group V sublattices at surface steps. 9, 10 In the absence of step-free Si͑001͒ substrates, the established method to suppress APD formation uses miscut Si͑001͒ substrates. [11] [12] [13] Silicon substrates with 2.5°−5°miscut are typically characterized by a double atomic step height 14 that facilitates registration of the III and V sublattices on the ͑001͒ plane thus suppressing APD formation. In the past, high quality III-V material on Si has been produced using the APD annihilation or suppression combined with a strain-relief and defect filtering mechanism, usually a thick buffer layer. 15 These previously reported methods require a two-step growth process initiated at a rather low temperature to enable 60°dislocation formation followed by normal growth temperatures for metamorphic and bulk layer growth. Lattice-matched bulk GaAs epitaxy on miscut Ge has also been demonstrated to produce very low defect and low APD density. 16 In this paper, we report the growth of III-Sb based epitaxial layers on 5°miscut Si, which simultaneously demonstrates very low defect density ͑ϳ7 ϫ 10 5 / cm 2 ͒ and very low APD density ͑Ͻ10 3 / cm 2 ͒. We have already fabricated electrically injected lasers at 1.55 m on 5°miscut Si ͑001͒ operating at 77K through the use of this growth mode, the details of which have been discussed elsewhere. 17 Both the process of strain relief using the IMF array and APD suppression on the miscut substrate occurs at the heterointerface and is described in the following paragraphs. Material parameters are analyzed using plan-view and cross-sectional transmission electron microscope ͑TEM͒ images.
The samples used in this interfacial analysis are grown on a V80H molecular beam epitaxy reactor. The IMF formation and required growth conditions on miscut Si is very similar to the IMF on Si ͑001͒ described in detail elsewhere. 18 Prior to growth, the Si substrate surface is hydrogen passivated by immersing the wafer in a HF solution bath. Heating the substrate to 500°C in vacuum removes the loosely bonded hydrogen. A thermal cycle at 800°C ensures the removal of the oxide remnants. The substrate temperature is reduced and stabilized at 510°C followed by ϳ25 s Al soak and then 15 s soak in an Sb overpressure. Following the soak, the AlSb growth is initiated without any changes in the growth temperature resulting in a smoothing of the surface with continued deposition.
Figures 1͑a͒-1͑c͒ show cross-sectional TEM images of the AlSb/Si interface with the Si substrate having a 5°miscut toward the ͓110͔. Figure 1͑a͒ features a ͑220͒ two-beam bright-field low-resolution image, with the bulk AlSb appearing to be free of APDs. Diffraction contrast mainly reflects the long-range strain field in the sample. This image shows a sequence of dark and white bands along the entire interface. In the high-resolution TEM ͑HRTEM͒ image of Fig. 1͑b͒ the lomer dislocation array that constitutes the IMF can be clearly seen. While the strain fields caused by bonds bending around the lomer dislocation are usually the source of the dark and light bands at the misfit dislocation array interfaces, 19 in this case there is no conclusive correlation between the periodic contrast and the location of the misfit dislocation. To investigate this issue further a magnified view of this interface is presented in Fig. 1͑c͒ , where the atomic structure becomes clearer. This image shows us that apart from the IMF there is a secondary contrast generating mechanism at the AlSb/Si interface and this is attributed to the presence of periodic steps in the miscut Si substrate. This is evidenced from the fact that moving from left to right along the ͓110͔ direction each misfit dislocation lies two Si atomic steps beneath the previous one indicating the presence of double steps in the Si substrate. Furthermore, misfit dislocation labeled "1" is adjacent to a high strain region, while misfit dislocation "2" lies in a relatively low-strain region. We therefore conclude that the dark regions are perhaps associated with the step edge and that the misfit dislocations are randomly placed with respect to the step edges. Burger's circuit theory performed on this image shows that the Burger's vector, i.e., ͑a / 2͓͒110͔, lies along the interface and identifies these misfit as 90°pure edge type. The misfit separation, S, is measured to be ϳ3.46 nm and corresponds to exactly eight AlSb lattice sites grown on nine Si lattice sites. This is highly consistent with high quality IMF interfaces that we have realized on Si ͑100͒ non-miscut substrates. 18 In Fig. 2͑a͒ , the step length L is defined as L = h cot where h is the step height and is the miscut angle. The double atomic steps on 5°miscut Si ͑001͒ yields h = 2.72 Å, thus L = h cot = 2.72 cot 5°= 31.09 Å. This value is fairly well matched to IMF spacing S and results in a single IMF per step. At the double-step step edge, where the Al and Sb layers growing on the upper and lower steps are closely registered, a significant strain is generated. Although Al-Si bond is larger ͑2.45 Å͒ than Si-Si ͑2.17 Å͒, in AlSi 2 cluster the Al-Si bond shrinks significantly and it becomes almost equal to that of Si-Si bonds ͑2.36 for Al-Si and 2.38 for Si-Si͒. 20 The Al atom substitutes one of the Si atoms from the host Si cluster, only causing a small local distortion. Therefore, the source of the strain is the height differential in the Si double step h 1 and the two-atom-layer height of AlSb lattice h 2 in the ͓001͔ direction, as shown in Fig. 2͑b͒ . Using the following values of h 1 = 2.72 Å and h 2 = 3.06 Å, we calculate a mismatch of 12.5% along the ͓001͔ direction. This causes the AlSb layer growing on the lower step to be compressed along the ͓001͔ direction to facilitate registration. The effect of this strain at the Si double step is depicted in Fig. 2͑c͒ , which shows a cubic approximation of the AlSb/Si lattice. The illustration shows a significant strain at the double step and also strain around the misfit dislocation and supports the strain seen in the TEMs of Figs. 1͑a͒-1͑c͒. Since the miscut is 5°toward the ͓110͔ direction, we expect that this effect is only along the ͓110͔ direction and is not repeated along the ͓1−10͔ direction. However, the same regular IMF array as that of AlSb/Si ͑001͒ interface 18 has also been observed along ͓1−10͔ direction ͑not shown͒, which shows that there is a two-dimensional ͑2D͒ array of pure 90°edge dislocation confined to this interface.
The double step height, h, is critical for achieving APD suppression on the miscut Si substrate. The importance of L relative to S, for high quality IMF formation, is suggested by a comparison of AlSb grown on 3°, 5°, and 6°miscut substrates, respectively, grown under similar conditions. Figure  3͑a͒ shows the AlSb bulk on 3°miscut Si ͑001͒ substrate along the ͓110͔ direction. The APDs and defect density are Ͼ10 7 / cm 2 as measured using atomic force microscope and plan-view TEMs, respectively. Figure 3͑b͒ shows the corresponding IMFs using HRTEM image. For a 3°miscut, the step height may be a single step, double step, or a mixture. For a single step, h = 1.35 Å, the step length, L = h cot = 1.35 cot 3°= 25.72 Å Ͻ S. For a double step, h = 2.72 Å, the step length, L = h cot = 2.72 cot 3°= 51.90 Å Ͼ S. Similarly, the AlSb bulk on 6°miscut Si ͑001͒ substrate produces rather large defect density ͑not shown here for brevity sake͒. Its step length L is also far away from IMF spacing S. While we cannot substantiate any required relations between L and S, a step length L that is significantly shorter or longer than the IMF spacing will increase the number of interaction points between the step edge and the 90°misfit which may initiate other misfit formation.
Sample quality analysis by TEM images verifies dislocation and APD density in bulk GaSb grown on the AlSb/Si IMF. Figure 4 shows low magnification XTEM image, indicating that the GaSb epilayer appears to be free of defects and APDs. Based on scanning several wafer surfaces, we estimate the defect density to be ϳ7 ϫ 10 5 defects/ cm 2 and the average APD density in the wafer surface is Ͻ10 3 / cm 2 . In conclusion, we have demonstrated and characterized the simultaneous APD suppression and IMF formation in the growth of AlSb on 5°miscut Si ͑001͒. The step length of the 5°miscut substrate is shown to be fairly well matched to the IMF spacing and allows the formation of a single 90°misfit dislocation per step thus facilitating the formation of the IMF. The AlSb bulk with low dislocation density, strainrelieved properties generated by the growth conditions can provide a promising technology for the monolithic integration of III-V devices on Si substrate. 
